ABSTRACT Three chick assays were conducted to determine a bioavailable Zn requirement and to establish a Zn relative bioavailability (RBV) value for tetrabasic Zn chloride [TBZC, i.e., 
INTRODUCTION
Zinc is an essential trace element that is required for growth, bone development, feathering, enzyme structure and function, and appetite for all avian species. Zinc is commonly added as a supplement to all formulated poultry diets. Currently there are two feed-grade Zn sources commonly used by the animal feed industry: ZnO (72% Zn) and ZnSO 4 ؒH 2 O (36% Zn). Of the supplemental Zn fed, 80 to 90% is ZnO (mostly Waelz-processed ZnO), which is less bioavailable for poultry than reagent-grade or feed-grade Zn sulfate (Wedekind and Baker, 1990; Sandoval et al., 1997; Edwards and Baker, 1999) . However, the sulfates (acid salts) are highly water soluble, allowing reactive metal ions to promote free radical formation. This reaction can lead to the breakdown of vitamins and ultimately to the degradation of fats and oils, decreasing the nutrient value of the diet. Oxides are less reactive but also less bioavailable. Experiments with tribasic Cu chloride have shown minimal oxidation in feed storage due to its low solubility in water (Miles et al., 1998 To whom correspondence should be addressed: d-baker1@uiuc.edu.
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linear regression slope-ratio methodology. The Zn-deficient basal diet was supplemented with 0, 5.81, and 10.81 mg Zn/kg from ZnSO 4 ؒ7H 2 O to produce a linear growth response as determined in Assay 1. The same basal diet was supplemented with 5.38 and 10.81 mg Zn/kg from TBZC. The RBV of Zn in TBZC was found to be 102%, which was not different (P > 0.10) from 100%. A third assay was conducted as described for Assay 2, and the RBV of Zn in TBZC was 111%, which was not different from 100%. In summary, the RBV of Zn in TBZC was not different from that of ZnSO 4 ؒ7H 2 O, and the minimal bioavailable Zn requirement for chicks 1 to 3 wk of age fed a soy concentrate diet was estimated at 22.4 mg/kg.
Few studies have evaluated the RBV of Zn from tetrabasic Zn chloride [TBZC, i.e., Zn 5 Cl 2 (OH) 8 ]. The TBZC is insoluble in water (nonhygroscopic) but is completely soluble in 0.4% HCl, 2% citric acid, or neutral ammonium sulfate (Cao et al., 2000) . Research by Cao et al. (2000) with Zn levels above the chicks' requirements resulted in a RBV estimate of 107% for TBZC, which was not different (P > 0.10) from that of ZnSO 4 ؒ7H 2 O (100%). Therefore, the objective of our study was to use a Zndeficient basal diet to determine a bioavailable Zn requirement and then to establish a Zn RBV value for TBZC compared with reagent-grade ZnSO 4 ؒ7H 2 O for broiler chicks.
MATERIAL AND METHODS

General Procedures
All procedures were approved by the University of Illinois Committee on Laboratory Animal Care. Three chick assays were conducted using New Hampshire × Columbian female chicks. The chicks were pretested on a fully fortified corn-soybean meal diet (100 mg Zn/kg) containing 23% CP for the first 3 d posthatching, after Abbreviation Key: RBV = relative bioavailability; SPC = soy protein concentrate; TBZC = tetrabasic Zn chloride. which they were fed a Zn-deficient soy protein concentrate (SPC) basal diet (Table 1 ) until 1600 h on Day 7 posthatching. On Day 8 posthatching, after an overnight period of feed withdrawal, chicks were weighed, wingbanded, and randomly allotted to pens such that each pen had a similar initial weight and weight distribution. Average initial weight at assay initiation was 117 g for chicks in Assays 1 and 2 and 95 g for chicks in Assay 3.
Four replicate groups of four chicks were allowed access to the experimental diets ad libitum from 8 to 22 d posthatching. Chicks were maintained on a 24-h, constant-light schedule in heated, thermostatically controlled, stainless steel starter batteries 3 with raised wire floors. To minimize Zn contamination from the environment, stainless-steel feeders and waterers were used. Upon termination of each experiment, chicks and feeders were weighed.
The basal diet (Table 1 ) was formulated to contain 20.1% CP and was adequate in all nutrients except Zn, which was present at 13.5 mg Zn/kg, as determined by atomic absorption analysis (Edwards et al., 1998) . Zinc sources were added to the basal diet at the expense of cornstarch. We had previously determined that the bioavailability of Zn in SPC was 65% relative to a ZnSO 4 ؒ7H 2 O standard (Edwards and Baker, 2000) . Thus, the bioavailable Zn concentration in the SPC basal diet was estimated to be 8.8 mg/kg.
Assay 1
This assay was conducted to determine the bioavailable Zn requirement and to establish a standard linear weight 3 Petersime Incubator Co., Gettysburg, OH 45328. 4 The TBZC was provided by Micronutrients Corp., Indianapolis, IN 46231. gain response range for chicks fed the Zn-deficient SPC basal diet ( 
Assay 2
The Zn-deficient basal diet was supplemented with 0, 5.81, and 10.81 mg Zn/kg from ZnSO 4 ؒ7H 2 O to produce a linear growth response as determined in Assay 1. The same basal diet was also supplemented with 5.38 and 10.81 mg Zn/kg from TBZC [Zn 5 Cl 2 (OH) 8 ]. 4 The TBZC was analyzed to contain 60.2% Zn. Weight gain was then evaluated as a function of supplemental Zn intake and standard-curve methodology was used to calculate an RBV value for TBZC.
Assay 3
In this assay, the Zn-deficient SPC basal diet was supplemented with 0, 5.92, and 10.78 mg Zn/kg from ZnSO 4 ؒ7H 2 O to establish the standard growth response curve. The same basal diet was supplemented with 5.41 and 10.82 mg Zn/kg from TBZC. Weight gain was then evaluated as a function of supplemental Zn intake and standard-curve methodology was used to calculate an RBV value for TBZC.
Statistical Analysis
Data from the requirement assay (Assay 1) were subjected to ANOVA procedures appropriate for completely randomized designs (Steel and Torrie, 1980) by using the general linear models procedure of SAS software (SAS Institute, 1990) . The bioavailable Zn requirement for weight gain was estimated with single-slope broken-line methodology (Robbins et al., 1979) . All ANOVA and regression analyses were performed with the general linear models procedure of SAS (1990) appropriate for a completely randomized design. In Assays 2 and 3, Zn bioavailability was determined using ZnSO 4 ؒ7H 2 O as a standard by means of multiple linear regression and sloperatio methodology (Finney, 1978; Draper and Smith, 1981) . The multiple regression model used consisted of two straight lines with a common intercept. The dependent variable, weight gain, was regressed on supplemental Zn intake.
RESULTS
Weight gain, feed intake, and feed efficiency responded quadratically (P < 0.03) to graded levels of supplemental Zn in Assay 1. Weight gain of chicks (Figure 1 ) increased linearly (P < 0.01) with increasing supplemental Zn until approximately 13 mg Zn/kg, after which no further increase occurred. Broken-line analysis of weight gain regressed on dietary Zn concentration indicated a minimum bioavailable Zn requirement of 22.4 mg Zn/kg. This value was calculated as follows: 13.5 mg Zn/kg in SPC basal diet × 65% RBV of Zn, (Edwards and Baker, 2000 ) + 13.6 mg/kg supplemental Zn.
In Assay 2 (Tables 2 and 3) , weight gain was linear (P < 0.01) to supplemental Zn intake for ZnSO 4 ؒ7H 2 O and TBZC. Multiple linear regression analysis (R 2 = 0.93) revealed that the slope of the gain curve for TBZC was 102% of that for ZnSO 4 ؒ7H 2 O, indicating that the RBV of Zn in TBZC was not different (P > 0.10) from that of the ZnSO 4 ؒ7H 2 O standard.
Due primarily to a lower initial bodyweight at assay initiation, chicks in Assay 3 consumed less feed and, therefore, gained slower than the chicks in Assay 2 (Table  2) . Weight gain nonetheless responded linearly (P < 0.01) to supplemental Zn intake for ZnSO 4 ؒ7H 2 O and TBZC. After regression of weight gain on supplemental Zn intake (R 2 = 0.95), the RBV of Zn in TBZC was found to be 111% that of ZnSO 4 ؒ7H 2 O, which was not different (P > 0.10) from 100%, confirming the results from Assay 2.
DISCUSSION
When an SPC-dextrose diet was fed to chicks from 8 to 22 d posthatching, the bioavailable Zn requirement was 22.4 mg Zn/kg (total dietary Zn requirement was 27.1 mg Zn/kg). Zeigler et al., (1961) found a similar total dietary Zn requirement of 28 mg Zn/kg when feeding a glucose-purified soybean protein diet. Wedekind and Baker (1990) reported a total dietary Zn requirement of 33 mg Zn/kg when a dextrose-soy protein isolate diet was fed. These requirement estimates are lower than the NRC (1994) Zn recommendation of 40 mg Zn/kg for chicks from 0 to 3 wk of age. However, when Zeigler et al. (1961) fed a casein-glucose diet, the Zn requirement was determined to be only 12 to 14 mg Zn/kg. Dewar and Downie (1984) also reported a lower Zn requirement of 18 mg Zn/kg for chicks 0 to 3 wk of age that were fed a starch and low sodium egg albumin diet. Emmert and Baker (1995) determined a Zn requirement of 10.6 mg Zn/kg for chicks 8 to 22 d posthatching fed a purified amino acid-cornstarch diet when weight gain was regressed on dietary Zn concentration.
Variations in Zn requirement estimates are likely due to many factors, such as fiber, protein source, ascorbic acid, source of supplemental Zn used, and presence of other minerals in the diet that have been shown to influence Zn absorption (Baker and Ammerman, 1995) . Absorption-inhibiting factors, such as phytate, typically increase the dietary Zn requirement by decreasing Zn bioavailability. The lower Zn requirements in some of the studies mentioned above are due to lack of soluble fiber Edwards and Baker, 2000) , but it also affected the use of supplemental inorganic Zn. Thus, the bioavailable Zn requirement of phytate-containing diets such as SPC or corn-soybean meal diets would be expected to be higher than that determined with a phytate-free casein, egg white, or crystalline amino acid diet. The source of supplemental Zn used in a Zn requirement assay can have just as much effect on the determined Zn requirement as the type of basal diet used. Feed-grade ZnO manufactured by the Waelz process is the primary source of Zn used in the U.S. feed industry, and its bioavailability relative to analytical-grade ZnSO 4 ؒ7H 2 O is about 37% in chicks (Edwards and Baker, 1999) . Thus, the Zn requirement with the basal diet shown in Table 1 would have been 45.6 mg Zn/kg had Waelz-processed ZnO been used in our requirement bioassay (8.8 mg/ kg bioavailable Zn in basal diet + 13.6/0.37 mg per kg supplemental Zn from ZnO).
Ascorbic acid consumed concurrently with Zn has been shown to increase Zn absorption (Baker and Ammerman, 1995) . Our Zn-deficient SPC basal diet contained 250 mg/ kg of ascorbic acid, but recent results from our laboratory have shown that this level of ascorbate added to the SPC basal diet shown in Table 1 does not increase Zn utilization nor does it decrease the Zn requirement determined with this diet (Corless et al., 2000) .
Results of this investigation indicate that Zn from TBZC provided the same bioavailable Zn as that provided by analytical-grade ZnSO 4 ؒ7H 2 O, confirming the results of Cao et al. (2000) who used pharmacologic Zn dosing to establish tissue levels of Zn. Due to its insolubility in water, TBZC would appear to represent a good supplemental source of Zn for inclusion in poultry diets. It may also be less likely to promote oxidation of other dietary ingredients as observed previously with tribasic Cu chloride by Miles et al. (1998 In conclusion, supplemental zinc is used extensively in practical poultry diets. The results herein indicate that TBZC provides the same bioavailable Zn as that of analytical-grade ZnSO 4 ؒ7H 2 O. Use of a Zn-deficient diet that allowed linear growth responses to supplemental Zn resulted in a relative Zn bioavailability estimate for TBZC that was similar to an earlier estimate made using a pharmacologic dosing procedure.
